thermodynamic database used here contains a calcium (alkali) aluminosilicate hydrate ideal solid 25 solution model (CNASH_ss), alkali carbonate and zeolite phases, and an ideal solid solution model 26 for a hydrotalcite-like Mg-Al layered double hydroxide phase. Simulated phase diagrams for NaOH-27 and Na2SiO3-activated slag-based cements demonstrate the high stability of zeolites and other solid 28 phases in these materials. Thermodynamic modelling provides a good description of the chemical 29 compositions and types of phases formed in Na2SiO3-activated slag cements over the most relevant 30 bulk chemical composition range for these cements, and the simulated volumetric properties of the 31 cement paste are consistent with previously measured and estimated values. Experimentally 32 determined and simulated solid phase assemblages for Na2CO3-activated slag cements were also 33 found to be in good agreement. These results can be used to design the chemistry of alkali-activated 34 slag-based cements, to further promote the uptake of this technology and valorisation of metallurgical 35 slags. 36 37 38
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40
Development of high performance and low CO2 cement-based materials is needed to reduce the CO2 41 footprint of the construction industry. Alkali-activated cements are formed through the reaction of a 42 soluble alkali source (the 'activator'), water and aluminosilicate precursors, which are often sourced 43 as industrial by-products (Provis, 2014) . Blast furnace slag is one such material, and forms an 44 important component of many modern cements, including use as the main raw material in production 45 of alkali-activated slag (AAS) cements . The reactive component of blast 46 furnace slag is a calcium-magnesium aluminosilicate glass that dissolves under the high pH conditions 47 provided by the activator to form a hydrated phase assemblage that consolidates into a hardened 48 binder. AAS-based cements are attractive solutions for waste valorisation and utilisation of industrial 49
by-products, e.g. in immobilisation matrices for radioactive wastes (Bai et al., 2011) , and can provide 50 where Ks is the solubility product. Solubility data for this phase were also calculated using the 141 additivity method (Anderson and Crerar, 1993) with brucite (Mg(OH)2 (s)), magnesite (MgCO3 (s)) 142 (Table 1) , and hydrotalcite (Mg0.74Al0.26(OH)2(CO3)0.13·0.39H2O (s)) (Allada et al., 2005) constituents. 143
144
The recalculation results indicate that the solubility product used previously by Lothenbach and 145 Winnefeld (2006) to describe this phase (log10(Ks) = -56.02 at 25°C and 1 bar), taken from the low 146 solubility data reported by Bennett et al. (1992) , is not consistent with the solubility data reported by 147
Gao and Li (Gao and Li, 2012) (Figure 1 ). Here, a solubility product of log10(Ks) = -49.70 at 25°C and 148 1 bar is selected for improved consistency with the solubility data reported by Gao OH-LDH (M8AH14) were determined in the same manner (using solid constituents and a reaction 165 analogous to eq.(2)), using the thermodynamic data reported by Allada et al. (Allada et al., 2005) . A 166 difference of -22.32 log10 units was specified between the solubility products of M4AH10 (log10(Ks) = -167 49.70) and M6AH12 (log10(Ks) = -72.02), and between those of M6AH12 and M8AH14 (log10(Ks) = -168 94.34) at 25°C and 1 bar, which is the difference between the solubility products of these phases when 169 determined using the additivity method described here. A similar difference is found between reported 170 thermodynamic data for MA-c-LDH (Mg4Al2(OH)12(CO3).4H2O, log10(Ks) = -44.19 (Rozov et al., 171 2011) and Mg6Al2(OH)16(CO3).5H2O, log10(Ks) = -66.58 (Rozov, 2010) ), which suggests that the 172 additivity approach is appropriate for these structurally-similar Mg-Al LDH phases. The three MA-173 OH-LDH phases M4AH10, M6AH12 and M8AH14 were specified as end-members of the ideal solid 174 solution 'MA-OH-LDH_ss'. This is justified because it has been shown that the assumption of 175 mechanical (ideal) mixing is appropriate for modelling the total solubility of the structurally-similar 176 hydrotalcite-pyroaurite solid solution series (Rozov et al., 2011) . This MA-OH-LDH solid solution 177 model is used in the thermodynamic modelling performed in this work. 
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190
Thermodynamic data for cement-related solid phases other than C-(N-)A-S-H gel and MA-OH-LDH 191 were taken from the PSI/Nagra 12/07 thermodynamic database (Thoenen et al., 2013) Tables 2 and 3, Chemical equilibrium between the solid, aqueous and gaseous phases was assumed, and the simulated 253 slag was specified to dissolve congruently at each particular bulk slag chemical composition. The 254 assumption of congruent dissolution is valid for calcium aluminosilicate glasses of similar bulk 255 chemical compositions to GBFS in highly under-saturated conditions at pH = 13 (Snellings, 2013) . 256
This condition is likely to be approximated in AAS cements when the solution pH is sufficiently high 257 (Bernal et al., 2015) , although it is clear that this assumption will need to be revisited in some 258 systems, particularly for AAS cements cured for long times or synthesised with less basic activators 259 such as Nc (Bernal et al., 2015) . 260
261
Simulations of AAS cements were performed using 100 g slag, additions of H2O, NaOH or Na2O, 262
SiO2 and Na2CO3 to achieve fixed water to binder (w/b, where binder = slag + anhydrous activator Table 4 . 271 272 In section 3.1, the utility of the thermodynamic database (Tables 1-3) is assessed by using the slag 278 composition given in Table 4 in terms of SiO2, CaO, MgO, Al2O3, Na2O, K2O, and H2S 279 (corresponding to the "SO3" content of the slag in Table 4 ) only, except for a variable oxide 280 component (Al2O3, MgO or CaO), which was specified according to the simulation conducted. A 281 simulated slag reaction extent of 60% was employed, which represents a typical degree of reaction 282 quantified for GBFS in sodium silicate-activated slag cements (~48% at 180 days in (Ben Haha et al., 283 2011a), 54 ±3% at 100 days in (Le Saoût et al., 2011), 58-61% at 180 days in (Bernal et al., 2014b ) 284 and >70% after 1 month in (Myers et al., 2015a) ). A density of 2.8 g/cm 3 was selected for the 285 unreacted slag component (Bernal et al., 2015) . Table  310 4 except for the Al2O3 content, which is varied here. Changes in B) Na/Si, C) H2O/Si, Ca/Si and 311 Ca/(Al+Si) ratios in C-(N-)A-S-H gel, and C) C-(N-)A-S-H gel density (g/cm 3 ) are shown for visual 312 reference. The symbols in B) and C) are experimental results for sodium silicate-activated slag 313 cements cured for 180 days and derived from slag precursors with similar MgO and equivalent or 314 slightly lower CaO content (5.2 < mass% MgO < 7.7, 35 < mass% CaO ≤ 42.6) to the slag 315 represented by Table 4 .
19
The Mg/Al ratio of the simulated MA-OH-LDH phase is between 2 and 3 over the full range of 318 simulated slag Al2O3 compositions ( Figure 2C ), in excellent agreement with experimentally 319 determined Mg/Al ratios for this phase by scanning electron microscopy (SEM) with energy-320 dispersive X-ray spectroscopy (EDS) analysis in sodium silicate-activated slag cements for slags 321 containing 7 ≤ mass% Al2O3 
The amount of C-(N-)A-S-H gel formed in the simulated NS-AS cements decreases with increasing 337
Al2O3 content of the slag (Figure 2A ) at the expense of strätlingite precipitation. An Al/Si ratio ≈ 0.12 338 is calculated for C-(N-)A-S-H gel in NS-AS cements derived from slags with >8 mass% Al2O3 339 ( Figure 2B ), which corresponds closely to the Al/Si ratios determined for this phase by analysis of 340 The results indicate a 20% change in intrinsic porosity (defined as the ratio of aqueous phase volume 358 to total binder volume, where water chemically bound in, or adsorbed to, the solid phases described in 359 Table 1 is considered to be a component of the solid) for slag compositions between ~8 and 20 mass% 360
Al2O3. This interpretation corresponds to the simulated C-(N-)A-S-H gel density of 2.5-2.7 g/cm 3 and 361 H2O/Si ratios between 1.3 and 1.7 (in agreement with C-(N-)A-S-H gel at RH ≈ 25% (Muller et al., 362 2013)), as shown in Figure 2C . Therefore, this phase is conceptually equivalent to C-(N-)A-S-H gel 363 with interlayer and some adsorbed water but no 'gel' or 'free' water (Jennings, 2008) . However, the 364 reduced intrinsic porosity found here at higher bulk slag Al2O3 content does not explain the weak 365 dependency of sodium silicate-activated slag cement compressive strengths on bulk slag Al2O3 366 content (Ben Haha et al., 2012), because an increase in compressive strength would be expected at 367 lower porosity. This discrepancy is attributed to the higher amount of strätlingite simulated here 368 compared to the amount of this phase which is identified in AAS cements; this issue is revisited in 369 Table  388 4 except for the Mg content, which is varied here. Changes in B) Na/Si, C) H2O/Si, Ca/Si and 389 Ca/(Al+Si) ratios in C-(N-)A-S-H gel, and C) C-(N-)A-S-H gel density (g/cm 3 ) are shown for visual 390 reference. The symbols in B) and C) represent experimentally measured data for sodium silicate-391 activated slag cements (curing times are indicated in parentheses) derived from slag precursors with 392 similar Al2O3 and equivalent or slightly lower CaO content (11.3 < mass% Al2O3 < 14.1, 33.4 < 393 mass% CaO ≤ 42.6) to the slag represented by Table 4 . concentration is therefore a key parameter controlling the formation of zeolite-type phases in AAS-419 based cements. However, it is important to note that Ca-rich zeolites such as gismondine, which are 420 expected to have relatively high stability in AAS-based cements, are not described in the 421 thermodynamic database used here because reliable thermodynamic data for these phases are not 422 always available (Wolery et al., 2007) . Table  428 4 except for the Ca content, which is varied here (traces). Changes in B) Na/Si, C) H2O/Si, Ca/Si and 429 Ca/(Al+Si) ratios in C-(N-)A-S-H gel, and C) C-(N-)A-S-H gel density (g/cm 3 ) are shown for visual 430 reference. The symbols in B) and C) represent experimentally measured data for sodium silicate-431 activated slag cements derived from slag precursors with similar Al2O3 and MgO content (12 < 432 mass% Al2O3 < 14.1, 5.2 < mass% MgO < 7.7) to the slag represented by 
It is also notable that the total binder (solid + aqueous phase) volume changes markedly as a function 436 of the CaO content in the slag, which suggests that the bulk CaO concentration is also a key parameter 437 influencing the chemical shrinkage properties of these materials; a difference of 3.8 cm The modelling results presented here provide a satisfactory account of the experimental data and so 447
give confidence in using the CNASH_ss and MgAl-OH_LDH_ss thermodynamic models to describe 448 NS-AS cements over the most common ranges of slag compositions and activator doses used in AAS 449 cements (7 ≤ mass% Al2O3 ≤ 13.7, Figure 2 Additional thermodynamic modelling analysis of NS-AS cements was performed by varying the slag 455 reaction extent from 0-100%, in the presence of Na2SiO3 (8 g Na2SiO3/100 g slag), while holding the 456 slag chemical composition constant (Table 4) . 457
458
The predicted solid phase assemblage consists of C-(N-)A-S-H gel as the dominant reaction product, 459
and additionally MA-OH-LDH (Mg/Al ≈ 2), strätlingite, Ca-heulandite, brucite, natrolite and katoite 460 ( Figure 5A ). Zeolites are only predicted for slag reaction extents <40% (i.e. effectively at low bulk 461
CaO concentrations, consistent with Figure 4) , which is less than the experimentally-determined slag activator is diluted as more slag reacts, as the activator is assumed to be fully dissolved in the mix 475 water prior to contact with the slag, and so contributes more significantly to the chemistry of the 476 reaction products when the degree of reaction of the slag is low. This means that the slag chemical 477 composition, rather than the activator, controls the stable product phase assemblage at higher extents 478 of reaction. 479
480
The chemical shrinkage in this system is predicted to be 11 cm 3 /100 g slag at complete reaction of the 481 slag (an overall volume reduction of 15%, Figure 5A ), which matches the chemical shrinkage 482 The increased Ca content and decreased Na/Si ratio of the C-(N-)A-S-H gel at higher slag reaction 497 extents ( Figure 5B ) are reflected in the reduced bulk Si and Na concentrations and the relative 498 decrease in the fraction of Na-containing end-members simulated as the alkali activation reaction 499 progresses ( Figure 6) . A ~50% reduction in the concentration of Na in the pore solution is predicted 500 from 0 to 100% slag reaction extent, although a constant pH of ~14 is maintained and >10 times more 501 Na is always predicted to be present in the aqueous phase relative to C-(N-)A-S-H gel. The simulated Escalante-García, 2013; Wang and Scrivener, 1995), or in NS-AS/4 mass% PC blends cured for 3 543 years (Bernal et al., 2012) . The solubility product used to describe this phase (Table 1) has an 544 estimated uncertainty interval of ±1 log unit derived directly from the scatter in the available 545 solubility data for this phase (see Matschei et al. (2007) and references therein), and so an error in this 546 value is unlikely to contribute significantly to the over-prediction of this phase. Therefore, it is likely 547 that additional solid phase(s) are missing from the thermodynamic database used here (Table 1) , 548 which would be predicted to form in preference to strätlingite if they were present in the simulation. 549
These may be zeolites such as gismondine and thomsonite (Bernal et (Bernal et al., 2015) . Simulation of natrolite and Ca-heulandite is also in good 581 agreement with the identification of heulandite and zeolite-A in Nc-AS cement (Bernal et al., 2015) . 582
The modelling results presented here and in section 3.3 are consistent with the identification of more 583 prominent peaks for zeolites in X-ray diffraction patterns for Nc-activated (Bernal et al., 2015) , 584 compared to NS-activated, slag cements (Bernal et al., 2014b) . C4AcH11 has been identified in X-ray 585 diffractograms of Nc-AS pastes cured for 1 day and for 540 days (Shi et al., 2006) Table 4  627 is represented by the pink hexagon.
629
Further analysis of AAS cement chemistry is performed by simulating phase diagrams at a fixed slag 630 reaction extent of 60%, a constant amount of H2S (equivalent in S content to a slag composition of 2 631 mass% SO3, which is taken as a representative value of S content in slags studied in the literature 632 
